its targets, the Rho-serine/threonine kinases (ROCK), stimulate actomyosin-based contractility and thereby contribute to a rapid increase in endothelial permeability. 13, 14 In contrast, stimuli such as tumor necrosis factor-α (TNF-α) induce slower but more prolonged changes in actin stress fibers and a parallel slow increase in permeability. This long-term permeability induction, however, neither correlates with the activation of RhoA-ROCK-myosin pathway nor is reduced by ROCK or myosin inhibition. [15] [16] [17] This indicates that TNF-α alters the endothelial barrier by mechanisms independent of actomyosin-based contractility. Alternatively, other signaling proteins, including the phosphoinositide 3-kinase isoform p110α, Rac1, and the tyrosine kinase Pyk2, affect TNF-α-induced permeability. 18, 19 PECAM-1 is a transmembrane receptor of the immunoglobulin superfamily that forms homophilic interactions between adjacent endothelial cells or between endothelial cells and leukocytes. PECAM-1 is not only important for efficient leukocyte transmigration [20] [21] [22] [23] but can also modulate endothelial permeability in response to acute contraction through regulation of β-catenin function. 22, [24] [25] [26] It has been reported that PECAM-1 is localized in a subjunctional compartment from where it constitutively recycles to the junctional plasma membrane. 21 This localization is necessary for PECAM-1 function in leukocyte transendothelial migration, although the nature and regulation of this compartment are still unclear.
In cuboidal epithelial cells, tight junctions are localized close to the apical membrane, and AJ are situated beneath them in the junctional cleft. Tight junctions and AJ are associated with a subcortical actin ring that stabilizes these complexes. Here, we investigate the properties of AJ that are distributed in a distinctive 3-dimensional reticular network, which is selectively found in quiescent endothelial cells. Reticular AJ are localized in regions where neighboring endothelial cells overlap, which contain low levels of actin and are enriched in PECAM-1. We demonstrate that VE-cadherin and PECAM-1 are interdependent within these reticular structures. Reticular AJ disorganization in response to PECAM-1 inhibition is sufficient to mimic typical TNF-α-mediated alterations of the endothelial barrier. As an alternative to actomyosin-based tension, regulation of PECAM-1 and AJ crosstalk could contribute to vascular permeability increase in response to TNF-α.
Methods

Cell Culture and Transfection
Human umbilical vein endothelial cells (HUVECs) and human dermal microvascular endothelial cells were obtained and cultured as previously described 27 and always plated at confluency on fibronectin-coated dishes for 24 to 48 hours, then stimulated with 10 ng/mL TNF-α for 15 to 18 hours before experiments. HUVECs were transiently transfected with 1 to 5 μg plasmid DNA/10 6 cells with a Nucleofector kit (VPB-1002) (Amaxa Biosystems, Cologne, Germany) according to the manufacturer's instructions and were used for experiments 24 to 72 hours after transfection. For small interfering RNA (siRNA) transfection, we devised a protocol for delivery of siRNA with high efficiency into primary endothelial cells, which is a modification of our previous method 27 (see Methods in the onlineonly Data Supplement). For rescue experiments, 24 hours after transfection of siRNA, the indicated plasmids were transfected by the phosphate calcium method.
Barrier Function Assays
An electric cell-substrate impedance sensing system (ECIS 1600R; Applied Biophysics, Troy, NY) was used to measure transendothelial electrical resistance (a measure of endothelial barrier integrity and permeability) of HUVEC monolayers seeded on gold electrode arrays (IBIDI, Martinsried, Germany) as previously described. 28 Permeability assays were carried out as previously described 16, 29 (see Methods in the online-only Data Supplement).
Results
AJ Form Reticular Structures in Endothelial Cells
Endothelial cell-cell junctions exhibit a remarkable morphological heterogeneity. This reflects the functional requirements for barrier function, which differ according to the physiological context and the type of vessel in the vascular tree. [30] [31] [32] In quiescent HUVECs, VE-cadherin is linearly distributed along cell borders, similar to what occurs in epithelial AJ ( Figure 1A and 1B, arrows), but it also appears distributed in reticular structures that cover significant areas at cell borders ( Figure 1A , boxed area). 21, 33 The fact that AJ displaying this characteristic 3-dimensional distribution have hitherto been poorly characterized prompted us to investigate their functional properties. The AJ proteins α-catenin, β-catenin, and p120-catenin all localized in reticular structures, which we therefore named reticular AJ ( Figure 1B, arrowhead) . In contrast, the junctional protein zonula occludens-1 34 did not have a reticular distribution but was localized linearly along cell-cell borders and also in linear discontinuous domains, together with AJ components, as previously described ( Figure 1B, arrowhead) . 35 Reticular AJ were also present in human dermal microvascular endothelial cells, but they were not found in epithelial Madin-Darby canine kidney cells or in the endothelial cell line Ey.ha.926, formed by fusion of HUVECs with the human lung adenocarcinoma A549 ( Figure 1C) . 36 In these cell types, AJ localization was linear along cell-cell borders. These results suggest that reticular AJ structures are restricted to primary endothelial cells.
Expression of p120-catenin-dsRed and p120-catenin-GFP in adjacent cells indicated that reticular AJ formed where neighboring cells overlapped and that AJ proteins from both cells contributed to the structures ( Figure 1D , arrowhead). Transmission electron microscopy images showed that adjacent HUVECs frequently overlapped, and multiple electron-dense regions resembling cell-cell junctions were localized where membranes from overlapping cells were closely apposed ( Figure 1E , arrowheads), consistent with the presence of reticular AJ. Although the possibility that part of reticular AJ are located in a subjunctional internal compartment cannot be ruled out, these experiments strongly suggest that reticular AJ are formed by homotypic interactions occurring at the surfaces of 2 neighboring cells that superpose.
AJ have the potential to associate with actin filaments via α-catenin, 37 although it has been proposed that epithelial cadherin/catenin complexes are not directly linked to F-actin. 12 In HUVECs, linear AJ colocalized with cortical F-actin at cell borders as expected (Figure 2A, arrow) . In contrast, F-actin did not form reticular structures, and little F-actin was detected in regions of reticular AJ in comparison with linear AJ. F-actin was instead localized along the edges of reticular AJ (Figure 2A, arrowheads) . Intensity profiles of F-actin in linear AJ and reticular AJ (Figure 2A , right graphs) showed that F-actin content in reticular AJ is similar to the intensity found in cytoplasmic areas. Consistent with low levels of F-actin within reticular AJ, in cells transfected with actin-mCherry, mCherry fluorescence was less intense in areas where endogenous β-catenin and p120-catenin were in reticular AJ than in surrounding regions ( Figure 2B , arrowhead, inset, right graph). Expression of actin-mCherry and actin-green fluorescent protein (GFP) in neighboring cells showed F-actin filaments ( Figure IA in the online-only Data Supplement, arrow) at the edge but not within reticular AJ ( Figure IA in the online-only Data Supplement, arrowheads). Double immunofluorescence of β-catenin with an antibody against an epitope common to all actin isoforms also indicated that actin levels were low in reticular AJ ( Figure 2C , right graph). Finally, stimulated emission depletion superresolution microscopy of F-actin at junctions also revealed no significant actin accumulation in reticular AJ structures ( Figure  IB in the online-only Data Supplement). Time-lapse movies of confluent cells coexpressing actin-GFP and p120-catenindsRed showed that, compared with other regions at cell borders, reticular AJ contain lower levels of actin-GFP ( Figure  2D ). These domains underwent morphological remodeling (Movie I in the online-only Data Supplement, arrowheads) but looked as stable as actin-rich AJ (Movie I in the onlineonly Data Supplement, arrows). It, therefore, appears that endothelial AJ can form reticular structures that are stable at cell-cell contacts without associating with large F-actin domains. Furthermore, markers of actomyosin-based tension transduction such as myosin light chain phosphorylation at Ser-19 or vinculin 9 were not enriched in reticular AJ ( Figure  IIA , similar to the previously described distribution of other focal adhesion proteins such as paxillin. 35 Our results thus suggest that reticular AJ are in regions of low actomyosin-mediated tension.
PECAM-1 Localizes Within Reticular AJ
PECAM-1 has been described as localizing to an internal subjunctional compartment called lateral border recycling compartment (LBRC), 21 which appears to resemble the distribution of reticular AJ. We, therefore, analyzed the distribution of PECAM-1 in relation to reticular AJ. PECAM-1 Actin filaments do not localize in reticular domains. A, Unstimulated confluent human umbilical vein endothelial cells (HUVECs) in growth medium were stained for F-actin (phalloidin-TRITC) and antibodies to VE-cadherin or α-catenin. Arrowheads indicate reticular adherens junctions (AJ) surrounded by F-actin, whereas arrows indicate linear AJ that colocalize with F-actin. B, HUVECs were nucleofected with actin-cherry (red) and plated at confluence for 24 to 48 hours in growth medium. Cells were fixed and stained for β-catenin or p120-catenin (green). Arrowheads and the enlarged boxed area show reticular AJ. C, Cells were grown and fixed as in A and stained with antibodies against actin and β-catenin. Right graphs in A-D show the intensity profiles of lines 1 and 2 or each merge panel. Red mark in graphs marks the level of actin intensity in the cytoplasmic region. D, Dynamics of reticular AJ. HUVECs were nucleofected with plasmids coding for actin-green fluorescent protein (GFP) and p120-catenin-dsRed (p120-dsRed) and plated at confluence for 24 hours in growth medium. Cell images were acquired by fluorescence time-lapse microscopy, 2 frame/min. Arrows point at actin-rich cell junctions, whereas arrowheads point to actin-depleted junctions Scale bars, 25 μm (A, B); 10 μm (C).
and VE-cadherin had a similar localization along linear junctions ( Figure 3 ). In areas of cell-cell overlap, PECAM-1 was often enclosed within the VE-cadherin reticular lattice ( Figure 3A and 3B, see staining intensity profiles) or in some areas was more uniformly distributed, localizing throughout the reticular area ( Figure 3B ). However, a detailed analysis of PECAM-1 and reticular AJ by stimulated emission depletion superresolution microscopy revealed that PECAM-1 was organized in tubule-like structures that were distinct from and ran parallel to AJ within the voids of the reticulum ( Figure 3C ; Figure IB in the online-only Data Supplement). PECAM-1 structures often surrounded AJ in these reticular domains ( Figure  3C, arrowheads) . In accordance, and as previously reported, 38 PECAM-1 and AJ components did not coimmunoprecipitate ( Figure III in the online-only Data Supplement). Altogether, these results support the existence of 2 different, albeit related, structures in these reticular areas. We also found that PECAM-1 showed less colocalization with junction markers that did not display a reticular distribution, such as nectin-2 ( Figure IVA in the online-only Data Supplement). To further investigate the nature of the PECAM-1 tubules detected by superresolution microscopy, PECAM-1-GFP was expressed. Similar to endogenous PECAM-1, PECAM-1-GFP was localized in reticular areas. However, in cells expressing high levels of PECAM-1-GFP, the ectopic protein accumulated in internal structures, displaying a pattern similar to that at cell junctions (Figure IVB in the onlineonly Data Supplement). AJ components did not accumulate in these internal structures, suggesting that they are independent of reticular AJ. Overexpression of VE-cadherin did not induce appearance of intracellular reticular structures ( Figure IVB in the online-only Data Supplement, bottom panels). The ability of PECAM-1 to form intracellular structures with a tubular or reticular pattern upon overexpression suggests that endogenous PECAM-1 has an intrinsic ability to organize these structures, without requirement of cell-cell contacts. These tubular structures, detected endogenously at junctions and away from them upon PECAM-1 ectopic expression, may share features with or may be the proposed LBRC, 21 which would be embedded in reticular AJ. Junctional adhesion molecule-A, which has been also proposed to be part of this compartment, displayed a clear reticular pattern, with the AJ marker plakoglobin different from that of PECAM-1 ( Figure IVA in the online-only Data Supplement). Thus, junctional adhesion molecule-A may also be involved in the organization of reticular domains at junctions. Finally, PECAM-1 and AJ also localized in regions where cells appeared to overlap in mouse blood vessels in vivo, both in small capillaries ( Figure IVC in the online-only Data Supplement) and in bigger vessels surrounded by pericytes ( Figure 3D ), suggesting that our observations in vitro reflect the organization of AJ and PECAM-1 in vivo.
TNF-α Disrupts Reticular AJ Independently of Actomyosin-Mediated Tension
TNF-α is a proinflammatory stimulus that induces a gradual increase in permeability, stress fiber formation, and cell elongation in HUVECs. 16 TNF-α increases association of actin with AJ. 35 RhoA and ROCK are required for TNF-α-mediated increase of actin fibers, 39, 40 but their role in the TNF-α-induced increase in permeability 40, 41 has been challenged, suggesting the existence of an additional mechanism that regulates barrier function. 16, 42 We found that reticular AJ were lost in TNF-α-stimulated cells. Instead, AJ were mostly linear or discontinuous, and there was little overlap between adjacent cells ( Figure 4A) . Quantification of the junctional area, stained for the AJ markers VE-cadherin and β-catenin, showed a strong decrease in reticular AJ ( Figure 4A, right graph) . The ROCK inhibitor Y-27632 impaired TNF-α-induced stress fiber formation but did not prevent reticular AJ disruption. Interestingly, in the presence of the inhibitor, endothelial cells still significantly overlapped, but the pattern of AJ distribution in overlapping areas of cells treated with TNF-α and Y-27632 was different from that of control cells: VE-cadherin had a nonreticular, punctate distribution ( Figure 4A, boxed areas) . Indeed, Y-27632 did not prevent the TNF-α-induced reduction in total junctional area ( Figure 4A, right graph ). An analysis of transendothelial electrical resistance in real time showed no effect of Y-27632 on either early or late TNF-α-induced barrier disruption ( Figure 4B, left  graph) . Similarly, siRNA-mediated silencing of RhoA, the main upstream regulator of ROCK activity, did not affect barrier function ( Figure VA -VC in the online-only Data Supplement). In contrast, thrombin, which is well known to act via ROCK to induce barrier disruption 43 ( Figure 4B , right graph), also decreased reticular AJ, but this reduction was prevented by Y-27632 ( Figure 4C ; Figure VD in the online-only Data Supplement). In accordance with these results, RhoA activity was strongly stimulated by thrombin compared with the minor increase detected upon long-term stimulation with TNF-α ( Figure VE and VF in the online-only Data Supplement). Collectively, these data suggest that the contribution of RhoA-ROCK to the TNF-α-induced permeability increase is negligible. Interestingly, although AJ staining intensity decreased at the remaining overlapping areas between adjacent cells in response to TNF-α, it was not diminished in response to thrombin (Figure 4A and 4D ; Figure VD in the online-only Data Supplement), suggesting that thrombin reduces reticular AJ by inducing ROCK-mediated cell contraction, whereas TNF-α disruption of reticular AJ, like the permeability increase, is ROCK independent and involves a decrease of AJ density at cell-cell contacts ( Figure 4D ). These data suggest that an additional mechanism regulates junctional integrity in response to TNF-α.
PECAM-1 Is Necessary for Maintaining Reticular But Not Linear AJ
Concomitant with the disappearance of reticular AJ, TNF-α stimulation led to dispersal of PECAM-1 from the junctions and increased PECAM-1 in internal vesicles, although it did not decrease total PECAM-1 levels ( Figure 5 ) or the ratio of surface to total PECAM-1 and VE-cadherin ( Figure  VIA in the online-only Data Supplement). Biochemical fractionation showed that the levels of PECAM-1, β-catenin, or VE-cadherin in the detergent-insoluble pellet, which contains actin filaments, 44 were not altered by TNF-α stimulation ( Figure VIB in the online-only Data Supplement, pellet). This implies that the presence or absence of reticular AJ does not affect the association of AJ with F-actin. It has been proposed that AJ components and PECAM-1 can also be fractionated into buoyant detergent-resistant membranes, suggestive of confinement into lipid rafts. 45, 46 Neither PECAM-1, β-catenin, nor VE-cadherin was found to be significantly associated with the detergent-resistant membrane fraction in unstimulated cells, rich in reticular AJ, or TNF-α-stimulated cells, with few reticular AJ (Figure VIB in the online-only Data Supplement, rafts). It is, therefore, unlikely that reticular AJ and PECAM-1 are enriched in lipid rafts.
We then hypothesized that reticular AJ, which were not apparently connected to an F-actin belt, may be stabilized in an alternative manner. PECAM-1 domains surround reticular AJ and TNF-α disperses PECAM-1 from junctions, so we also hypothesized that these domains could stabilize AJ and that PECAM-1 dispersion could contribute to permeability increase in response to TNF-α. The HEC-7 antibody has been shown to block PECAM-1 function and abrogate PECAM-1-mediated leukocyte transendothelial migration. 20 When cells were incubated with HEC-7 at 37°C ( Figure 6A ) or PECAM-1 was knocked down by siRNA ( Figure 6B ; Figure VII in the online-only Data Supplement), reticular AJ were disrupted and fragmented even in areas where cells clearly overlapped ( Figure 6A and 6B, insets) . In contrast, linear AJ were not altered by HEC-7 or PECAM-1 knockdown. In some regions, HEC-7-treated cells showed linear AJ clearly decorating the edges of these overlapping areas ( Figure 6A, insets) . The cell area covered by AJ upon PECAM-1 inhibition with antibodies or siRNA was reduced to levels similar to that of TNF-α-stimulated cells ( Figure 6 , right panels). PECAM-1 inhibition disorganized reticular structures and decreased β-catenin levels at the remaining overlapping areas by 50% ( Figure 6C ). However, disrupting PECAM-1 function had little effect on AJ distribution in endothelial cells already stimulated with TNF-α, where AJ are distributed in F-actin-rich linear or discontinuous junctions 35 ( Figure 6A , 6B, right; Figure VIII in the online-only Data Supplement), and PECAM-1 is dispersed from cell borders ( Figure 5 ). To rule out the possibility of an off-target effect of the siRNA oligonucleotides for PECAM-1, a third siRNA targeting the 3′ untranslated region of PECAM-1 mRNA was transfected, and 24 hours later, GFP or PECAM-1-GFP was expressed. This siRNA-reduced PECAM-1 expression (Figure VIIIB in the online-only Data Supplement) also disrupted reticular AJ ( Figure 6D) . Expression of PECAM-1-GFP but not of GFP partially rescued the formation of reticular AJ ( Figure 6D ).
To determine whether AJ also affect the localization of PECAM-1, we disrupted them with anti-VE-cadherin blocking antibodies or by transfecting VE-cadherin siRNA (Figures VII and IX in the online-only Data Supplement). In contrast to PECAM-1 inhibition, antibody-mediated VE-cadherin inhibition was not restricted to reticular domains but affected all cellcell contacts, inducing numerous intercellular gaps ( Figure IXA in the online-only Data Supplement). Similarly, VE-cadherin knockdown also led to loss of most β-catenin from intercellular junctions, although some PECAM-1 remained at cell-cell contacts displaying a nonreticular distribution ( Figure IXB in the online-only Data Supplement). VE-cadherin knockdown reduced junctional area more dramatically than did PECAM-1 silencing and induced disruption of cell-cell junctions in unstimulated and TNF-α-stimulated cells ( Figure 6B, right panel) .
PECAM-1 Inhibition Recapitulates the Effects of TNF-α on Barrier Function But Not on F-Actin Remodeling or Adhesion Receptor Expression
We tested whether disorganization of reticular AJ via PECAM-1 inhibition could mimic TNF-α effects on endothelial barrier function. TNF-α induced a 3-fold increase in permeability ( Figure 7A ). VE-cadherin blocking antibody significantly increased permeability in unstimulated and TNF-α-stimulated cells ( Figure 7A , left graph), consistent with a widespread effect of the antibody on junctional architecture. In contrast, HEC-7 increased permeability in unstimulated HUVECs but had no effect on cells already stimulated with TNF-α ( Figure 7A, right graph) . This is in agreement with a selective effect of PECAM-1 inhibition on reticular AJ, present only in resting cells. Because TNF-α disperses PECAM-1 from junctions, PECAM-1 blocking antibody does not cause a further permeability increase. Similarly, PECAM-1 knockdown increased permeability >2-fold in unstimulated cells, whereas it had a reduced effect in TNF-α-stimulated cells, with low levels of PECAM-1 at cell borders ( Figure  7B ). In addition, the increase in permeability obtained with 2 siRNAs that strongly depleted PECAM-1 was similar to that induced by TNF-α ( Figure 7B ). We then investigated the possible mechanisms whereby PECAM-1 may regulate ROCKindependent permeability increase in response to TNF-α stimulation. The phosphoinositide 3-kinase isoform p110α regulates TNF-α-mediated barrier function through activation of the tyrosine kinase Pyk2. 18, 19 Pyk2 activation is initiated byY402 phosphorylation. 47 PECAM-1 knockdown induced no significant changes in pPyk2/Pyk2 ratio ( Figure 7C ), whereas TNF-α transiently increased Pyk2 phosphorylation, as previously reported ( Figure 7E) . 18 This indicates that PECAM-1 is not involved in Pyk2-mediated increase of permeability upon TNF-α exposure. On the other hand, VE-cadherin and PECAM-1 crosstalk within reticular domains might be mediated by β-catenin. PECAM-1 cytosolic tail binds the SHP2 phosphatase 25 and thereby controls glycogen synthase kinase 3β-mediated phosphorylation and a decrease in the stability of β-catenin. 25 Casein kinase-1α phosphorylates β-catenin at S45, which primes this N-terminal region for subsequent phosphorylation by glycogen synthase kinase 3β at T41, S37, and S33. 48 β-catenin phosphorylation can be also controlled by the kinase c-Jun N-terminal kinase. 49 Upon phosphorylation, β-catenin is uncoupled from cadherins and can be found in the cytosol, complexed with other proteins, which can lead to eventual proteasome degradation. 50 Indeed, PECAM-1 null mice exhibit a prolonged increase in permeability in response to histamine. 22, 26 siRNA-mediated decrease of PECAM-1 in HUVECs significantly increased T41/S45 phosphorylation of β-catenin, in agreement with previous bibliography ( Figure 7D , top panel). 25 No major decrease in β-catenin total levels was found though, which could be because of the fact that PECAM-1 siRNA only decreases partial PECAM-1 levels compared with the total elimination of the protein in PECAM-1 knockout cells. 25 Alternatively, PECAM-1 may control β-catenin phosphorylation, but additional signals could be required to promote its final degradation, because both events are not always coupled. 49 Indeed, nondegraded, phosphorylated β-catenin can be found accumulated in different nonjunctional areas in the cell. 49, 51, 52 Concomitantly, and in agreement with the AJ dispersion observed in Figure 6A and 6B, β-catenin association with VE-cadherin decreased ( Figure 7D, bottom panel) . Interestingly, similar to PECAM-1 knockdown, TNF-α also induced a transient phosphorylation of β-catenin ( Figure 7E ), which suggests that such phosphorylation may contribute to AJ alteration observed in response to this cytokine and this could be promoted by PECAM-1 dispersion from junctions.
Although the effect of TNF-α on permeability does not involve actomyosin-mediated contractility, TNF-α induces an increase in stress fibers and cell elongation. PECAM-1 knockdown, however, had no effect on F-actin levels or cell elongation ( Figure XA in the online-only Data Supplement). In addition, myosin light chain phosphorylation at Ser-19 also remained unaffected upon PECAM-1 depletion, suggesting that general actomyosin-mediated contraction does not explain the permeability increase upon PECAM-1 reduction ( Figure  XB in the online-only Data Supplement). Finally, PECAM-1 or downstream glycogen synthase kinase 3β have been proposed as regulators of the nuclear factor-κB pathway during inflammatory responses. [53] [54] [55] We explored the possibility that PECAM-1 knockdown had no specific effect on cell junctions but instead increased permeability by inducing a proinflammatory phenotype. The expression of the adhesion receptor intercellular adhesion molecule-1 was analyzed as a marker of inflammation ( Figure XB in the online-only Data Supplement). No increase was found in intercellular adhesion molecule-1 levels in response to PECAM-1 depletion, suggesting no role for PECAM-1 in inflammatory induction, in agreement with a previous report. 56 Taken together, these results indicate that inhibiting PECAM-1 in reticular AJ domains only reproduces the effects of TNF-α stimulation on cell-cell junctions but does not cause a general proinflammatory phenotype. PECAM-1 dispersal may, therefore, contribute to the TNF-α-mediated, actomyosin-independent, permeability increase through the control of β-catenin phosphorylation and reticular AJ stability.
Discussion
Cadherins and their binding partners interact to form AJ between neighboring cells. In addition to forming linear AJ at cell-cell borders, we show here that VE-cadherin has a reticular distribution in areas where adjacent endothelial cells overlap. Peripheral F-actin and stress fibers surround these reticular AJ but do not colocalize with them, in contrast to linear and discontinuous AJ that are always found associated with F-actin. 35 The possibility of reticular AJ being associated with some other undetectable cortical F-actin structures cannot be ruled out, but, in epithelial cells, an indirect link between AJ and F-actin has previously been proposed in confluent resting monolayers. 12, 57 The role of α-catenin would consist of regulating local actin polymerization rather than directly bridging F-actin to AJ. This is consistent with the existence of a subset of endothelial AJ that is not in contact with perijunctional F-actin. In addition, nonmuscle myosins 58, 59 and vinculin 9, 60 mediate AJ stability and binding to perijunctional F-actin, playing a role as sensors of tension during epithelial remodeling. Here, we show that neither phosphorylated myosin light chain nor vinculin was enriched in reticular AJ. On the other hand, several reports have convincingly demonstrated a direct interaction between F-actin and AJ. 9, [59] [60] [61] We have recently reported that endothelial cells can also form discontinuous AJ, which are orthogonal to cell-cell borders and associated with actin stress fibers, providing a connection between stress fibers in neighboring cells, which increases upon TNF-α stimulation. 35 The most plausible explanation for all these findings is that some AJ are associated with F-actin, whereas others, such as endothelial reticular AJ, do not require direct interaction with F-actin and are formed in areas of low mechanical tension.
In small blood vessels in vivo, we have observed endothelial junctional areas that resemble the reticular distribution of AJ and PECAM-1 observed in vitro, implying that reticular AJ exist in vivo. Junctional PECAM-1 has been localized in the LBRC, an internal vesicular compartment localized at cell-cell junctions. 21 We cannot exclude the possibility of the existence of a subset of AJ that is distributed in this LBRC. However, expression of AJ components bearing different fluorescent tags in adjacent cells clearly shows that most of reticular AJ are formed between VE-cadherin homophilic complexes from 2 different cells at overlapping junctional areas ( Figure 1D) . A comprehensive confocal analysis of reticular AJ shows that PECAM-1 and VE-cadherin stainings overlap, but that VE-cadherin reticular domains are more discrete and encompass PECAM-1. AJ and PECAM-1 are not physically associated in endothelial cell-cell junctions. 38 Superresolution microscopy confirmed that PECAM-1 and AJ are organized into different domains. PECAM-1 appeared distributed in discrete domains in the voids of reticular AJ, running along AJ and often almost surrounded them. These PECAM-1-rich structures could be the proposed internal LBRC, 21 although further investigation into the nature of these domains in endothelial cell borders will shed light into this unique organization at junctions. Interestingly, the distribution of these PECAM-1 domains suggests that they may well be regulating the access of AJ to machinery involved in AJ trafficking or actin-mediated tension and thereby regulate their stability. Upon ectopic overexpression, PECAM-1-GFP, but not VE-cadherin, accumulated into internal domains, displaying a morphology that resembled that of reticular junctions ( Figure IVB in the online-only Data Supplement). This would suggest that PECAM-1 has the intrinsic ability to form organized domains independently of AJ.
VE-cadherin and PECAM-1 crosstalk within reticular domains might be mediated by β-catenin. PECAM-1-null mice exhibit a prolonged increase in permeability in response to histamine, 22 which correlates with a phosphorylation increase and a decrease of β-catenin stability. 25 It has been proposed that PECAM-1 molecules in the proximity of AJ recruit SRC homology 2 domain-containing phosphatase, which maintains β-catenin in a dephosphorylated state, thereby stabilizing AJ. Here, we have found that TNF-α induces PECAM-1 dispersion from junctions and that this correlates with an increase in permeability, β-catenin phosphorylation, and with a decrease in reticular AJ. PECAM-1 knockdown is sufficient to reproduce all these alterations in HUVECs. It is of note that regulation of SRC homology 2 domain-containing phosphatase activity by TNF-α has been reported, 62 so, in the future, it would be of interest to address whether this cytokine regulates the presence and role of SRC homology 2 domain-containing phosphatase in reticular AJ or in PECAM-1 domains. On the other hand, we have also tested other pathways potentially involved in barrier function decrease, such as actomyosin-mediated tension, Pyk2 activation, or a general inflammatory response, and found no evidence of PECAM-1 role in these events. This suggests that the role of PECAM-1 in TNF-α stimulation is limited to the control of reticular AJ through the regulation of β-catenin phosphorylation, and not to a general regulation of inflammatory pathways, as it had been previously proposed. 53 Finally, there could exist additional crosstalk of AJ or PECAM-1 with other junctional components also found in these reticular areas, such as junctional adhesion molecule-A.
PECAM-1 could also contribute to transient AJ disruption to allow leukocyte diapedesis in noninflammatory conditions. Endothelial PECAM-1 engages in homophilic interactions with leukocytes. 25 PECAM-1 located in the LBRC mediates this paracellular route of transmigration. 21 We predict that recruitment of reticular PECAM-1 to sites of leukocyte interaction would locally disassemble reticular AJ, allowing leukocyte diapedesis with no need of general cell contraction. PECAM-1 return to reticular areas could subsequently facilitate reassembly of reticular AJ. Last, reticular AJ could also provide a source of additional membrane to allow endothelial remodeling to occur during leukocyte diapedesis or during changes in vessel diameter in response to stimuli that induce vasoconstriction or vasodilation.
In conclusion, we have characterized the properties of reticular AJ domains, which are distinctive of quiescent endothelium. These domains contain low levels of F-actin, suggesting that junctional actin filaments do not contribute to their formation. PECAM-1 is localized in a linear compartment that is interspersed within the voids of reticular AJ structures and may contribute to stabilize AJ and thereby regulate barrier function. Loss of reticular AJ by PECAM-1 inhibition mimics TNF-α-induced changes in reticular AJ and in endothelial barrier function but not in F-actin or intercellular adhesion molecule-1 expression. Further investigation of these reticular domains could identify specific targets to control barrier function without altering other important properties of endothelial cells during inflammation.
